A frizzled homolog functions in a vertebrate Wnt signaling pathway  by Yang-Snyder, Julia et al.
1302 Research Paper
A frizzled homolog functions in a vertebrate Wnt signaling
pathway
Julia Yang-Snyder*, Jeffrey R. Miller*, Jeffrey D. Brown*†, Cheng-Jung Lai*‡
and Randall T. Moon*
Background: Wnts are secreted proteins implicated in cell–cell interactions
during embryogenesis and tumorigenesis, but receptors involved in transducing
Wnt signals have not yet been definitively identified. Members of a large family of
putative transmembrane receptors homologous to the frizzled protein in
Drosophila have been identified recently in both vertebrates and invertebrates,
raising the question of whether they are involved in transducing signals for any
known signaling factors.
Results: To test the potential involvement of frizzled homologs in Wnt signaling,
we examined the effects of overexpressing rat frizzled-1 (Rfz-1) on the
subcellular distribution of Wnts and of dishevelled, a cytoplasmic component of
the Wnt signalling pathway. We demonstrate that ectopic expression of Rfz-1
recruits the dishevelled protein — as well as Xenopus Wnt-8 (Xwnt-8), but not
the functionally distinct Xwnt-5A — to the plasma membrane. Moreover, Rfz-1 is
sufficient to induce the expression of two Xwnt-8-responsive genes, siamois and
Xnr-3, in Xenopus explants in a manner which is antagonized by glycogen
synthase kinase-3, which also antagonizes Wnt signaling. When Rfz-1 and
Xwnt-8 are expressed together in this assay, we observe greater induction of
these genes, indicating that Rfz-1 can synergize with a Wnt.
Conclusions: The results demonstrate that a vertebrate frizzled homolog is
involved in Wnt signaling in a manner which discriminates between functionally
distinct Wnts, which involves translocation of the dishevelled protein to the
plasma membrane, and which works in a synergistic manner with Wnts to induce
gene expression. These data support the likely function of frizzled homologs as
Wnt receptors, or as components of a receptor complex.
Background
Several families of secreted factors, including Wnts [1,2],
have been implicated in mediating embryological events
and tumorigenesis. Although it has been shown that
Wnts can signal in a non-cell-autonomous manner and
are putative ligands, identification of candidate Wnt
receptors has been hindered by the relative insolubility
of Wnt proteins and by their tight association with cells
[1,2]. However, vertebrate homologs of Drosophila friz-
zled have emerged as a large family of candidate trans-
membrane receptors [3,4]. Recent data have shown that
dishevelled  (dsh) is genetically downstream of both frizzled
and Drosophila Wnt-1 (wingless) [5,6], raising the question
of whether vertebrate homologs of frizzled [3,4] function
directly in a Wnt signaling pathway. To pursue this ques-
tion we chose animal cap explants of Xenopus embryos,
rather than a cultured cell system, because some
responses to Wnt signals are affected by cell adhesion [7].
We reasoned that this explant system would allow com-
bined cell biological and molecular approaches using
cells which are normally exposed to Wnt signals [7,8],
while maintaining the cells in a physiological state of
adhesion.
Results and discussion
Expression of Rfz-1 increases the extent of localization at
the plasma membrane of Xwnt-8myc but not Xwnt-5Amyc
If frizzled homologs were expressed on the cell surface
and involved in transducing a Wnt signal, potentially as
part of a receptor complex, increased synthesis of frizzled
polypeptides might increase the association of Wnts with
the surface of these cells. As Wnts can be grouped into
the functionally distinct Wnt-1 class (including Xenopus
Wnt-1 (Xwnt-1), -3A, -8 and -8b) and the Wnt-5A class
(including Xwnt-5A, -4 and -11) [7,8], a candidate Wnt
receptor may interact with some but not all Wnts. To test
these possibilities, we injected Xenopus embryos with
RNAs encoding c-myc-tagged Xwnt-8 (Xwnt-8myc) or
Xwnt-5A (Xwnt-5Amyc) in the presence of rat frizzled-1
(Rfz-1) RNA [4] or, as a control, RNA encoding the 5-
hydroxytryptamine 1c receptor (5HTR) [9]. To study
whether Rfz-1 modulated the subcellular distribution of
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either functionally distinct Wnt, we used indirect imm-
unofluorescence and confocal microscopy to monitor the
distribution of the c-myc epitope (Fig. 1).
We found that there was an increase in Xwnt-8myc at the
plasma membrane, and a decrease in intracellular levels,
when Xwnt-8myc was coexpressed with Rfz-1 (Fig. 1b)
compared with when it was coexpressed with 5HTR (Fig.
1a). In contrast, the subcellular distribution of Xwnt-
5Amyc was comparable in the presence of either Rfz-1
(Fig. 1d) or 5HTR (Fig. 1c). That some of each Xwnt is
detectable at the cell surface in the control explants (Fig.
1a,c) is consistent with Wnts being secreted proteins
[1,2], and with these explants expressing multiple
endogenous frizzled-related genes (data not shown). Ana-
lyzing explants which were not permeabilized with deter-
gent prior to staining for c-myc, we observed that Rfz-1
increased the staining of extracellular Xwnt-8myc (data
not shown). These results demonstrate that Rfz-1 stabi-
lizes or recruits Xwnt-8myc to the plasma membrane,
suggesting that Rfz-1 is a candidate for participating in
Wnt signaling in a manner which distinguishes between
functionally distinct Wnts.
Expression of Rfz-1 recruits GFP-tagged Xdsh to the
plasma membrane
Studies in Xenopus embryos have identified homologs of
the known cytoplasmic components of the Drosophila wing-
less signaling pathway, including dsh [10], glycogen synthase
kinase-3 (Xgsk-3) [11–12], and b-catenin [13–14]. Epistasis
experiments in Drosophila place dsh at the top of this hier-
archy of genetic interactions, and thus potentially nearest
to a hypothetical Wnt receptor [5]. Further biochemical
data suggest that a small pool of dsh associates with a
membrane fraction in response to Wnt signaling [15]. As
dsh is also required for frizzled function in Drosophila [6],
we tested whether Rfz-1, like Wnt signaling [15], could
affect the subcellular localization of a dsh homolog. In the
absence of ectopic Rfz-1, Xenopus dsh tagged with green
fluorescent protein (Xdsh–GFP) was distributed in cells of
Xenopus embryos with a punctate cellular distribution (Fig.
2c), as reported for dsh in late-stage Drosophila embryos
[15]. However, coexpression of Xdsh–GFP with Rfz-1
resulted in a pronounced redistribution of Xdsh–GFP to
the plasma membrane (Fig. 2d). These data demonstrate
that Rfz-1, like Wnt signaling [15], increases the membrane
association of a dsh homolog.
We tested two additional aspects of the recruitment of
Xdsh–GFP to the plasma membrane. As the above data
showed that Rfz-1 led to a dramatic recruitment of
Xdsh–GFP to the membrane, we asked whether this was
sensitive to the level of Rfz-1. We found that lower
amounts of Rfz-1 recruited less of the Xdsh–GFP to the
membrane, which then accumulated to greater levels in
the cytoplasmic compartment (data not shown). As this
amount of Rfz-1 is nevertheless able to modulate gene
expression in animal cap explants (discussed below) these
results are consistent with evidence from Drosophila [15]
that Wnt signaling can occur without a complete transloca-
tion of cytoplasmic dsh to the plasma membrane. Second,
we asked whether ectopic expression of Xwnt-8 in animal
caps would drive ectopic Xdsh–GFP to the plasma mem-
brane. We found that Xwnt-8 did not promote the strong
translocation of Xdsh–GFP to the plasma membrane,
again consistent with minimal effects of Drosophila Wnt
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Figure 1
Expression of Rfz-1 increases the extent of
localization at the plasma membrane of
Xwnt-8myc but not Xwnt-5Amyc. 
(a) Xwnt-8myc is localized intracellularly
within the endoplasmic reticulum (ER) and
Golgi, and is also present at moderate levels
in association with the plasma membrane,
after coinjection with control (5HTR) RNA. (b)
Following coinjection of Rfz-1 RNA, the Xwnt-
8myc accumulates at the plasma membrane,
while there is a decrease in intracellular-, ER-
and Golgi-associated staining. (c) Xwnt-
5Amyc is present intracellularly within the ER
and Golgi, with low levels at the plasma
membrane, after coinjection with control
(5HTR) RNA. (d) Following coinjection of
Rfz-1 RNA, the localization of Xwnt-5Amyc
resembles controls (c) and is distinct from the
membrane-associated Xwnt-8myc (b). 
signaling on the translocation to the membrane of dsh [15],
and consistent with the possibility that, without ectopic
frizzled homologs, there are insufficient binding sites on
the plasma membrane to recruit the ectopic Xdsh–GFP.
Both Rfz-1 and Xwnt-8 induce Xnr-3 and siamois in a
Xgsk-3-sensitive manner
The above experiments demonstrate that Rfz-1 modulates
the subcellular distribution of one but not another func-
tionally distinct Wnt, as well as a homolog of dsh. Whether
these effects of Rfz-1 are direct biochemical interactions
or require additional proteins is an important and unre-
solved issue, but would not address whether Rfz-1 func-
tioned in a signaling capacity. We therefore pursued the
issue of signaling by asking whether Rfz-1 would elicit
changes in gene expression comparable to those obtained
by a Wnt in explants of Xenopus embryos, and whether the
activities of both Wnts and Rfz-1 would be reduced by
Xgsk-3, which antagonizes Wnt signaling in Xenopus
embryos by regulating the stability of b-catenin [16].
The genes Xnr-3 [17] and siamois [18] were induced by
Xwnt-8 RNA in animal cap explants of Xenopus embryos
(Fig. 3, lane 2), establishing these markers as a ‘read-out’
of Wnt signaling in this assay. These same genes were also
reproducibly induced by Rfz-1 in this assay (Fig. 3, lane 3),
whereas a frame-shifted hedgehog RNA, injected as a
control, did not (Fig. 3, lane 1). The induction of these
genes establishes that a frizzled homolog elicits a cellular
response comparable to that obtained by Wnts, which pre-
sumably work in this system by activating an endogenous
receptor. Whether frizzled induces these genes in a
manner dependent upon endogenous ligands (for
example, Xwnt-8b [19]) in this assay is not known, but it is
possible that, with overexpression of the receptor, the
response could be ligand-independent.
The comparable changes in gene expression in response
to either Xwnt-8 or Rfz-1 are consistent with the activation
of a shared signaling pathway. To test this further, we
coexpressed Xgsk-3 in the presence of either Xwnt-8 or
Rfz-1, to ask whether this known antagonist of Wnt signal-
ing [5,16] would interfere with the ability of Rfz-1 to
induce the marker genes. We observed that the induction
of Xnr-3 and siamois by both Xwnt-8 (Fig. 3a, compare
lanes 2 and 4) and by Rfz-1 (Fig. 3a, compare lanes 3 and
5) was reduced by Xgsk-3. This result supports the hypoth-
esis that a shared signaling pathway activated by Xwnt-8
and by Rfz-1 contains a Xgsk-3-sensitive component(s).
If induction of Xnr-3 and siamois by Xwnt-8 and Rfz-1
occurred via independent pathways, one might expect
that coinjection of Xwnt-8 and Rfz-1 RNAs would result
in an additive induction of these genes. However, a
greater than additive induction might be expected if
Xwnt-8 were capable of activating the signaling function
of Rfz-1. To test this hypothesis, serial dilutions of Xwnt-
8 and Rfz-1 were used to find doses which would induce
only low levels of Xnr3 and siamois expression (data not
shown). When injected alone, these doses of Xwnt-8 (Fig.
3b, lane 2) and Rfz-1 (Fig. 3b, lane 3) induced low levels
of Xnr-3 and siamois. When injected together, however,
these doses of Xwnt-8 and Rfz-1 synergized to induce
greater levels of Xnr3 and siamois (Fig. 3b, lane 4), sug-
gesting that Xwnt-8 and Rfz-1 cooperate in a common sig-
naling pathway. Finally, as siamois is likely to be an
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Figure 2
Expression of Rfz-1 recruits GFP-tagged Xdsh
to the plasma membrane. (a) Schematic
diagram of Xdsh–GFP construct. (b) Control
GFP localizes to both the cytoplasm and
nucleus (N) of animal cap cells. (c) Xdsh–GFP
is present throughout the cytoplasm in a
punctate association with intracellular vesicles,
after coexpression with control 5HTR. Diffuse
and punctate Xdsh–GFP fluorescence is
present in association with large organelles,
which are found throughout the cytoplasm. (d)
Xdsh–GFP is dramatically localized at the
plasma membrane after coexpression with
Rfz-1. Diffuse Xdsh–GFP fluorescence is also
present in association with large intracellular
organelles. In contrast to Xdsh–GFP injected
caps (c), in cells coexpressing Rfz-1, the
organelles associated with Xdsh–GFP were
found exclusively in close apposition to the
plasma membrane facing the blastocoel.
Furthermore, few if any bright Xdsh–GFP
spots were found in association with these
organelles.
Research Paper  frizzled and Wnt signaling Yang-Snyder et al.    1305
integral component of the hierarchy of regulatory genes
which specify formation of the gastrula organizer [18], its
induction by Xwnt-8 and Rfz-1 further support our long-
standing hypothesis that a maternal Wnt pathway plays a
key role in initiating the formation of the endogenous
embryonic axes (reviewed in [16,19]).
Conclusions
We have demonstrated that cells expressing Rfz-1 show an
ability to recruit to the cell surface one but not another
functionally distinct Wnt, as well as recruiting a cytoplas-
mic component of the Wnt pathway, dsh, to the plasma
membrane. After submission of this manuscript, a related
study was published [20], demonstrating that a new
member of the Drosophila frizzled family, Dfz-2, stabilizes
wingless (Drosophila Wnt-1) on the surface of cells. Taken
with the current data, these two studies suggest evolution-
ary conservation of this activity of members of the frizzled
family. Moreover, we have shown that Rfz-1 is sufficient
to elicit changes in gene expression similar to those
observed in response to Wnt expression, that Rfz-1 works
synergistically with a Wnt in this assay, and that these
changes in gene expression are reduced by glycogen syn-
thase kinase-3, which antagonizes the Wnt pathway. We
conclude that a vertebrate homolog of the Drosophila gene
frizzled displays several properties consistent with its
acting as a Wnt receptor, or part of a Wnt receptor
complex. Important remaining issues include whether
Rfz-1 binds directly or indirectly to Wnts or dsh, whether
frizzled homologs are sufficient to act as receptors or are
instead part of a multimeric complex, and the ongoing
challenge of establishing the biochemical and cellular
mechanisms by which Wnt signaling leads to changes in
cell fate and cell behaviour.
Materials and methods
Effects of Rfz-1 on membrane association of epitope-
tagged Wnts
Synthetic mRNAs encoding either myc-tagged Xwnt-8 [21] or myc-
tagged Xwnt-5A [22] were co-injected with mRNAs encoding 5HTR [9]
or Rfz-1 [3] into the animal pole of 2- and 4-cell stage Xenopus embryos.
Both Xwnt genes were in the vector pSP64T [23], whereas Rfz-1 was in
the vector pCS2+ (a gift from D. Turner and R. Rupp). Approximately
0.25 ng of either Xwnt-8myc or Xwnt-5Amyc and 1 ng of either 5HTR or
Rfz-1 mRNA were injected into each blastomere. Embryos were reared
to stage 9, then animal caps were dissected and fixed in 4 %
paraformaldehyde–PBS for 1–2 h at room temperature. Caps were
washed in PBT (PBS plus 0.2 % Triton X-100) and incubated in anti-
myc monoclonal antibody (1:10 in PBT plus 10 % normal goat serum)
overnight at 4 °C. Following several washes in PBT, caps were incu-
bated in CY-3 conjugated goat anti-mouse antibodies (Jackson Immuno-
labs) for 2–4 h at room temperature. Caps were washed in PBT and
mounted in Vectashield (Vector). Micrographs were obtained with a
BioRad MRC-600 laser scanning confocal microscope using the rho-
damine filter and a 20×, 0.75 N/A Plan-Apo objective. Images in the
figure represent 10 sections per micrograph, taken at 1.5 nm Z steps.
Effects of Rfz-1 on cytoplasmic localization of dishevelled–GFP
Animal poles of 4-cell stage Xenopus embryos were injected with
either GFP RNA (0.5 ng), or Xdsh–GFP RNA (0.5 ng), in the presence
Figure 3
Rfz-1 and Xwnt-8 synergistically induce Xnr-3 and siamois in a Xgsk-3-
sensitive manner. (a) Both Xwnt-8 (lane 2) and Rfz-1 (lane 3) induce
expression of Xnr-3 and siamois in animal cap explants. This induction
is inhibited by coinjection with Xgsk-3 RNA (lanes 4,5). Injection of
frame-shifted hedgehog RNA (control) does not induce Xnr-3 or
siamois (lane 1). Histone H4 (H4 panel) serves as a control for the
reverse transcriptase (RT) reaction and gel loading. The polymerase
chain reaction (PCR) was performed on duplicate samples of total
RNA which had not been reverse transcribed, serving as a control for
contamination with genomic DNA. The H4-RT panel is a representative
example, obtained with the H4 primers. No signal was ever detected in
the comparable minus reverse transcriptase controls for this or any
other primers used. (b) Doses of Xwnt-8 (lane 2) and Rfz-1 (lane 3)
RNA which result in submaximal induction of Xnr-3 and siamois
synergize when coinjected, resulting in greater than additive induction
of these genes (lane 4). As in (a), control RNA (lane 1) does not
induce either gene. In another experiment with a greater dose of
Xwnt-8 RNA the greater than additive induction of siamois (lane 4
relative to lanes 2,3) was evident but less dramatic.
Injected RNAs
	 1	 2	 3	 4	 5
	 Control 	 Xwnt-8	 Rfz1	 Xwnt–8	 Rfz1
		 +	 +	 +	 +
	 control	 control 	 Xgsk-3	 Xgsk-3
	 1	 2	 3	 4	  
	 Control 	 Xwnt-8	 Rfz1	 Xwnt-8 	  
		 +	 +	 +	  
	 control	 control 	 Rfz1
Xnr-3
siamois
H4
H4-RT
Xnr-3
siamois
H4
H4-RT
(a)
(b)
of either Rfz-1 RNA (2 ng) or 5HTR RNA (2 ng). Embryos were reared
to stage 9 and animal caps were dissected and fixed in 4 %
paraformaldehyde–PBS for 1–2 h at room temperature. Caps were
washed in PBT and mounted in Vectashield. Micrographs were
obtained with a BioRad MRC-600 laser scanning confocal microscope
using the fluoroscein filter and a 60×, 1.4 N/A Plan-Apo objective.
Images in the figure represent 10 sections per micrograph, taken at
1.5 nm Z steps. Xdsh–GFP was constructed by PCR amplification of
full-length Xdsh [8], followed by subcloning of the product in-frame into
the RNA expression vector pCS2+. The GFP gene [24] was then
cloned in-frame at the carboxyl terminus of Xdsh.
Effects of Xgsk-3 and Xwnt-8 on gene expression induced 
by Rfz-1
Two-cell Xenopus embryos were injected with RNA as follows. For
Figure 3a, Xwnt-8 (7.2 pg) or Rfz-1 1 (1.8 ng) RNAs were injected with
either a control RNA (7.2 ng) or with Xgsk-3 RNA [16] (7.2 ng). For
Figure 3b, Xwnt-8 (1.4 pg) and Rfz-1 (700 pg) RNAs were injected
together or with a control RNA such that each embryo received approxi-
mately 700 pg of RNA. Animal caps were cut at stage 8 and cultured
until sibling embryos reached stage 10. RNA preparation and RT–PCR
was carried out as described previously with primers specific for Histone
H4 [19], Xnr-3 (forward primer, 5′–3′ TCCACTTGTGCAGTTCCACAG;
and reverse, 5′–3′ ATCTCTTCATGGTGCCTCAGG), and siamois
(forward primer, 5′–3′ CTCCAGCCACCAGTACCAGATC; and reverse,
5′–3′ GGGGAGAGTGGAAAGTGGTTG). The PCR experiment in Fig.
3a was conducted in quadruplicate with comparable results; the data
shown in Figure 3b were reflective of two experiments. Serial dilutions of
these cDNAs demonstrated that this analysis was carried out in the expo-
nential phase of PCR amplification.
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